We present the results of synchronous observations of the ozone and gaseous impurity concentrations, chemical composition of the aerosol and meteorological parameters with a high temporal resolution (of minutes) at the background site Mondy, which is located in the highland area of East Siberia. We also analyzed the seasonal dynamics exhibited by the ozone, gaseous impurities of sulfur and nitrogen, and ionic composition of the aerosol over the long term (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016). Ozone variability in the boundary layer depended on complicated relief and dynamic processes occurring in the atmosphere. The concentration of ions in the aerosol decreased by 2 times for the period of 2010-2015 compared to the beginning of the new millennium. Furthermore, sulfate, nitrate, chloride, potassium and sodium became the dominant ions in the aerosol. Due to the remote location of the site, the absence of anthropogenic pollution sources and the large series of data with different parameters obtained via on-line monitoring, this site may be regarded as a representative global background site for the vast region of Central Asia.
INTRODUCTION
Greenhouse gases and atmospheric aerosol are one of the most important factors of climate changes on the earth. Therefore, any additional experimental data on inter-annual variability of concentrations of these gases in different regions of the world will be of great interest. Long series of observations of gases in the surface atmosphere in a number of remote areas of the world available at present are still scarce. In this context, Siberia has remained as a "white spot" so far. Therefore, it was necessary to set up an atmospheric monitoring site under alpine conditions aimed at analyzing diurnal, seasonal and inter-annual dynamics of gaseous and aerosol components (Bashurova et al., 1992; Pochanart et al., 2003) . One of the most suitable areas for such monitoring in the south of Siberia under background conditions of the continental climate was the Astronomic Observatory of the Institute of Solar-Terrestrial Physics of SB RAS, which is located near the settlement of Mondy (East Sayan, a mountain system of South Siberia; 51.6°N, 100.6°E; 2,005 m a.s.l.) (Pochanart et al., 2003) (Fig. 1 ). This area is practically not subject to anthropogenic impact of local and regional sources and may represent inter-annual variability of regional and global background of greenhouse gases. Since 2001, Limnological Institute of Siberian Branch of the Russian Academy of Sciences (Irkutsk, Russia) has been monitoring aerosol, atmospheric precipitation and some gases (O 3 , NH 3 , NO x and SO 2 ) within the framework of the international program Acid Deposition Monitoring Network in East Asia (EANET) on the territory of this observatory. These observations allow us to compare the data obtained with the results from other regions of the world and to reveal specific characteristics of their variability under the background conditions of atmosphere on the vast territory of Siberia.
The studies of minor atmospheric gases provide important information for modeling and prediction of the future state of the earth's climatic system. Ozone is of great interest because of its high toxicity and chemical activity (Karlsson et al., 2007) . High spatial and time variability is characteristic of ozone concentration near the earth's surface. The rise and destruction of ozone are caused by local pollutants under urban conditions, whereas for the background areas natural reasons are more important.
We have selected meteorological parameters and daily values of ozone concentrations from January 1998 to January 2016 (a series length of 19 years) at the alpine site Mondy. Statistical functions of smoothing and linear correlations have been used for the investigations of the structure of an ozone series. We have also analyzed observations of other gaseous impurities and aerosol in the surface atmosphere in the background areas. 
METHODS AND MATERIALS
The monitoring site is located at a distance of 200-300 km from the main industrial sources of atmospheric pollution, being surrounded by the system of the Large Sayan (3,491 m a.s.l., Mount Munku-Sadyk) from the west and southwest and by the ridges of the East Sayan (3,200-3,250 m a.s.l.) from the north and northwest. In the northeast and east, the site is surrounded by the KhamarDaban Ridge (2,000-2,300 m a.s.l.). The southeastern and southern parts of the territory are surrounded by gentle hills of the same mountain system with the heights lower than 2,000 m. Atmospheric impurities enter site Mondy mainly as a result of natural soil-erosion processes, vegetation and forest fires. Dust storms from the arid zone of Mongolia, whose frequency has increased for the recent years, are the powerful source of alkaline components in aerosol (Lee and Sohn, 2011) . The site is supplied with industrial electricity. There are no sources of atmospheric pollution at this site. Therefore, it is a representative place for observations of different meteorological parameters in the atmosphere under the background conditions. The nearest settlement Mondy (1,350 m a.s.l.) is located in the valley at a distance of several kilometers from the site. The data on meteorological observations presented in this work were obtained at the monitoring site and weather station in the settlement Mondy, as well as random data were obtained at the additional observation point located in the East Sayan at 3,000 m a.s.l (Fig. 1) .
Ozone concentrations in the surface atmosphere layer were measured on an ozone instrument, Dylec Model 1006-AHJ, with 10-minute averaging. The measurements were registered automatically on the computer with a device error of 10%. The instrument was calibrated once a year. Atmospheric pressure and air temperature were also registered synchronously in the room where the devices were installed (Pochanart et al., 2003) .
Aerosol and other gaseous impurities were sampled according to the methods applied in the international monitoring network EANET (Acid Deposition Monitoring Network in East Asia) and EMEP (European Monitoring and Evaluation Program). According to the Technical Document for Filter Pack Method in East Asia (Technical Manual, 2003) , 4 types of filters were used for sampling. A filter holder with filters was hermetically connected to a pump and a gas meter.
Filters are set in the following order: PTFE, nylon, baseimpregnated and acid-impregnated filters. The first Teflon PTFE filter (Filter 1) with 0.8 µm in diameter was installed on the way of air flow for aerosol trapping. We identified To compare our data with the data from other regions of the world, we analyzed ions using sophisticated analytical methods recommended by the monitoring network: atomic absorption and high performance liquid and ionic chromatography (Ren et al., 2012; Habeebullah et al., 2016) . Measurements were carried out on an atomic absorption spectrometer (Carl Zeiss Jena, Germany), high-performance liquid chromatographer (Milichrom A-02; Econova, Russia) and ionic system (ICS-3000; Dionex, USA). The quality of the analyses was verified by the participation in the interlaboratory testing within the international programs of Global Atmospheric Watch (GAW) under the aegis of World Meteorological Organization (WMO) (Quality Assurance Science Activity Centres) and Acid Deposition Monitoring Network in East Asia (EANET). The laboratories performing chemical analysis are involved in the ACAP Network Centre's inter-laboratory comparison projects (on wet deposition, dry deposition and soil and inland aquatic environment monitoring (EANET, 1998 (EANET, -2015 . The discrepancy between the results obtained and control values did not exceed 5-10%, which attested to the data validity (from the National Report).
Climate of the Region
Alpine regions possess a specific type of climate called mountain climate; the height of the location significantly affects the distribution of meteorological parameters (Table 1) . Mountain areas influence wind field in the boundary layer of troposphere perturbing the flux and promoting the development of the local circulation. At the monitoring site, due to more intense turbulence, mean wind speed is higher than in the valley; the largest difference (2-3 m s -1 ) is observed in the cold period at weakened mountain-valley circulation. The highest variations are recorded during intensification and destruction of the Asian maximum of atmospheric pressure with the sharp recurrent increase of the southern wind. The recurrence of the northern wind increases during transitional seasons at the transformation of the pressure field (Fig. 2) .
Radiation and temperature regimes at this site have remained unchanged for two decades . Air temperature was measured at three points of observations at 2,000 and 3,000 m and at the weather station at the settlement Mondy at 1,350 m a.s.l. (Fig. 4) .
STUDY AREA AND RESULTS

Diurnal Variations of Ozone Concentration
Average diurnal dynamics of the surface ozone concentration (SOC) were constructed for each season. In all cases, minimal concentrations were recorded at night and morning hours and maximal at daytime and at evening hours. Diurnal SOC variability depended on dynamics of mixing layer and temperature inversions occurring at night. At daytime, SOC variability was higher than at morning hours (Table 2 , Fig. 5 ). This is attributed not only to photochemical generation of ozone in the surface atmosphere layer at daytime (Reddy et al., 2012) but also to more intense air warming and turbulent exchange of air masses with the overlying atmosphere layers (Rovinsky and Egorov, 1986; Akimoto, 2006) . January. The diurnal trend was expressed insignificantly in January. The snow cover smoothed the diurnal trend of ozone concentration in the surface atmosphere layer as the destruction was less intense on its surface than on the surface of the open ground. Minimal ozone concentrations were registered at 9-11 and maximal at 19, its diurnal variability being minimal with the 0.9 ppb amplitude. There was no photochemical generation of ozone.
April. Minimal concentrations of SOC were recorded in April at 10 and maximum at 17 with diurnal amplitude of 2.2 ppb. The increase of ozone concentrations was attributed to the total spring SOC maximum, which was recorded in April-May.
July. The highest amplitude and diurnal variability of SOC were recorded in July with its minimum at 8 and maximum from 13 to 16 with the 5.1 ppb amplitude. During this period, we observed a shift of SOC maximum relatively the noon maximum of the solar radiation due to the convective exchange of air masses in the second half of October. SOC minimum was registered in October at 9 and its maximum at 16 with the 2 ppb amplitude.
In the seasonal aspect, low and high diurnal variability of ozone concentrations was observed in the cold and warm seasons, respectively, which was attributed to the differences in destruction rate above different surfaces (0.02-0.03 cm s -1 on the snow cover and 0.1-1.0 cm s -1 on the soil surface (Aldaz, 1969; Wesely et al., 1981; Turner et al., 1980; Laurila, 1999) and to the temperature difference. Moreover, this variability was caused by the interaction between ozone and biota (Karlsson et al., 2007) and a great number of thunder days (Ozville, 1967) . Diurnal amplitude of ozone varied from 0.5 to 1.0 ppb in a cold season (January) and from 5 to 8 ppb in a warm season (July).
Seasonal Variation of Ozone Concentration
To study inter-annual dynamics of the ozone concentrations, we used a series of observations performed from January 1, 1998 (Fig. 6) .
The seasonal variation of SOC had only one vividly expressed maximum recorded in late April-early May (the maximum varied from April 20 to May 19; Fig. 7) .
There was no clearly defined minimum in the annual SOC trend. After the spring maximum, concentrations dropped up to the midsummer. Then, SOC values remained average without any clear maxima or minima up to the end of the year. The summer period was characterized by very high diurnal variability.
We should note that annual variability of SOC in the East Sayan corresponded to the dynamics characteristic of the whole Northern Hemisphere (Sandroni et al., 1994; Laurila, 1999; Monks, 2000; Zanis et al., 2007; Gilge et al., 2010; Chen et al., 2013) . Ozone, ppbv Seasonal SOC variability was determined from the annual solar cycle as main sources of ozone formation were its sink from the upper troposphere ("ozone layer") and photochemical reactions in the surface atmosphere layer. Processes occurring with the involvement of hydroxide radicals, nitrogen oxides and compounds of chloride and bromine contributed significantly to the ozone destruction (Belan, 2010) . Spectral analysis confirmed the presence of two stable ozone cycles-annual and semi-annual (Fig. 8) .
For this analysis, we averaged the series of diurnal ozone concentration with a 30-day period. Therefore, short-term synoptic cycles (4-7 days) were eliminated. It is obvious that an annual cycle depends on solar radiation, whereas a half-year cycle is determined from photochemical generation that depends on impurities (vegetation hydrocarbons) in the lower atmospheric layer and on meteorological parameters (elevated UV-radiation, temperature and humidity of air). This is characteristic of the monitoring site that is located on the upper border of the forest.
Other Specific Characteristics of SOC Variability
Abrupt changes in the SOC values are associated with the location of the monitoring site in the mountains with their unstable meteorological situation. Fig. 9 is an example of abrupt SOC changes happened on July 9, 2007, as a result of the wind direction change.
The monitoring site is located on the ridge, which separates the Tunkin Depression in the north from the basin of Lake Khubsugul in the south. The Tunkin Depression is 200 km long and about 10 km wide. The Lake Khubsugul basin is an even wide depression with large steppe slopes. The altitude difference between the site and the lake is 600-800 m. There are several settlements in the Tunkin Depression-Mondy (6 km from the site downwards the slope) and a larger settlement Kyren (60 km to the east from the site). The depression of Lake Khubsugul is almost uninhabited except temporary nomad camps. The SW stable wind of 2-4 m s -1 was registered at noon hours. It brought pure air enriched with ozone from the lake depression. At noon, the atmospheric pressure began dropping, and at 15:30 during several minutes the wind changed its direction-first northern, then northeastern (i.e., air masses from the Tunkin Depression and settlement Mondy entered the site area with significant ozone depletion). The wind speed was 2-3 m s -1
. The ozone concentration dropped by 10-15 ppb. Such cases of abrupt changes in meteorological parameters were recorded at the site several times.
This example shows that abrupt changes in rise or drop of ozone concentration are possible with the duration of several hours. This is a very interesting phenomenon for the alpine region where mountain-valley circulations occur constantly because of the relief, which cause the exchange of huge air masses of different chemical composition.
Dynamics of Aerosol Composition and Gaseous Impurities of Nitrogen and Sulfur
We analyzed data of average long-term ionic composition of aerosol obtained within on-line monitoring in 2000-2017. 2-, the reason of which has not been elucidated so far.
The range of NH 4 + concentration was quantitatively higher (2-5 times) in 2000-2009 than in 2010-2015 (Fig. 10 , Table 4 ). However, average long-term concentrations decreased by 5.9 times. The lower and upper limits of SO 4 2-concentrations decreased by 3.5 and 3.1 times, respectively, and average concentrations by 2.7 times. Smaller changes were recorded for Са 2+ : Lower and upper levels of concentrations decreased by 2.2 and 2.4 times, average value increased by 1.7 times (see Table 3 ).
The most significant changes in the concentration dynamics of ions were recorded for Cl -. Average longterm lower and upper concentration limits of this ion increased by 23 and 2.6 times, respectively, and average long-term concentrations by 3.8 times. These changes for Na + were 1.3, 3.5 and 2.5 times, respectively. Concentration ranges for K + (2000-2009) practically did not change in 2010-2015, and average long-term concentrations increased insignificantly-by 1.2 times. However, the contribution of these ions increased from 2-5% to 5-12%.
Taking into consideration that radiation and temperature regimes in the region of observations have not practically changed during two decades, the main reasons affecting the changes of ionic composition of aerosol are intensifying climate aridization and increased number of dust storms in Central Asia (Lee et al., 2011; Loshchenko and Latysheva, 2015) . Dust dominates in the total atmospheric load of the Asian countries: approximately 70% for China and Mongolia, 60% for Korea, 50% for Japan and 40% for the Northern Pacific Ocean (Tanaka, Chiba, 2006) . With the distance from the source, dust particles are enriched with pollutants from the atmosphere and, as a result, chemical composition of the original aerosol particles changes (Geng et al., 2014) . Hence, any impact of either anthropogenic or natural character on air changes chemical composition of aerosol particularly in the background area. Semi-desert and desert regions of Mongolia and China with brown humus soils with significant distribution of saline lands and sands are the sources for Cl -, K + and Na + (Lopatovskaya and Sugachenko, 2010) . For example, in the northwestern region of China at the site Aksu (saline lands with brown soil), aerosol contained calcite (CaCO 3 ), halite (NaCl) and gypsum (CaSO 4 .2H 2 O). The dissolved fraction of this aerosol was dominated by SO , and Na + (Yabuki et al., 2005) .
In the seasonal dynamics of SO 4 2-, there are three maxima, which coincided with synoptic processes. The first rise of this ion was recorded in February-March during the destruction of the Asian anticyclone and, as a result, the concentrations of terrigenous material increased in the surface atmosphere with the intensification of wind and thawing of the snow cover. The second maximum was registered in late May-July, when turbulent heat exchange convection in the atmosphere intensified at intense solar radiation. The third SO 4 2-maximum was observed in autumn (October-November), when cyclogenesis became more active again during transformation of the pressure field from the summer to winter type near the earth. Main maxima are in good agreement with the annual trend of wind speed coinciding in time with relatively dry periods. Maximal concentrations of Cl -and Na + were recorded in late July-August because of the frequent deep cyclones from Mongolia staying for a long time in the south of Pribaikalye. Inter-annual variability of gaseous impurities (SO 2 , HNO 3 and NH 3 ) in the atmosphere at site Mondy was estimated from the data of measurements obtained in 2000-2017. Sulfur dioxide (SO 2 ) and ammonia (NH 3 ) were dominant gases in atmosphere. Inter-annual trend of concentrations of impurities and average inter-annual negative temperature was calculated as arithmetic mean of average monthly air temperature in January, February, March, October, November, and December, when air temperature was negative (Table 5) . Inter-annual dynamics of gases depended on dynamics of negative temperatures. For example, concentrations of SO 2 and HNO 3 increased at lower temperatures, whereas the concentrations of NH 3 decreased, although the degree of variability of their concentrations was disproportional to variability of changes of average temperature.
Three maxima were recorded in the annual trend of SO 2 as well as of SO 4 2-: in winter (February), summer (July) and in autumn-winter period (November-December). Low ratio of SO 4 2-/SO 2 (0.18 ÷ 0.75) concentrations at site Mondy attested to the absence of anthropogenic sources of sulfate in the atmosphere.
The annual trend of HNO 3 concentration from January to August was close to the dynamics of SO 2 . However, the third maximum of HNO 3 concentrations unlike that of SO 2 was registered in September. In the autumn-winter period, the concentrations of HNO 3 reduced. The ratio of NO 3 -/HNO 3 concentrations was higher (0.18 ÷ 1.17) than that of sulfur compounds (in August and December, the ratio was higher than 1). The annual trend of NH 3 concentrations was typical of other continental regions with its maximum in the warm period. The ratio of NH 4 + /NH 3 concentrations was the lowest in August and the highest in February varying within the 0.07 ÷ 0.45 range. Such a ratio attests that the emission of NH 3 of natural origin is higher than the rate of its transformation into aerosol.
CONCLUSIONS
We analyzed the dynamics of the ozone, gaseous impurities and ionic composition of the aerosol for a long period of observations (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) performed at the alpine site Mondy, which is part of the international EANET program. Based on the long-term results, this site may be regarded as a representative background site for the vast region of Central Asia.
The maximal concentrations of ozone were recorded in April and early May, whereas the minimal concentrations were recorded in July and August. The diurnal SOC dynamics exhibited the following characteristics: -The minimal diurnal variability, with an amplitude of 0.9 ppb, was recorded in January. -The maximal diurnal variability, with an amplitude of 5 ppb, was recorded in July. -Diurnal variations in April and October were similar, with amplitudes of 2 ppb. We examined abrupt changes in meteorological conditions in the alpine region, which affected the composition of the surface-level ozone. A sharp increase or decrease in the increased. In our opinion, the main reason for this change is the intensified aridization of climate and rise of dust storms in Central Asia. Similar seasonal dynamics for the gaseous impurities of sulfur and nitrogen and for the major ions were recorded for the aerosol. Among the gaseous impurities, the highest concentrations were registered for NH 3 and SO 2 .
